Background: Jatropha curcas L. (further referred to as Jatropha), as a rapidly emerging biofuel crop, has attracted worldwide interest. However, Jatropha is still an undomesticated plant, the true potential of this shrub has not yet been fully realized. To explore the potential of Jatropha, breeding and domestication are needed. Seed size is one of the most important traits of seed yield and has been selected since the beginning of agriculture. Increasing the seed size is a main goal of Jatropha domestication for increasing the seed yield, but the genetic regulation of seed size in Jatropha has not been fully understood. Results: We cloned CYP78A98 gene from Jatropha, a homologue of CYP78A5 in Arabidopsis. We found that CYP78A98 was highly expressed in male flower, female flower, stem apex, leaf and developing seed. However, its transcripts were hardly detected in root and stem. CYP78A98 protein localized in endoplasmic reticulum (ER) and the hydrophobic domain at the N-terminus was essential for the correct protein localization. Furthermore, INNER NO OUTER promoter (pINO) drove specific overexpression of CYP78A98 in transgenic tobacco seeds resulted in increased seed size and weight, as well as improved seed protein and fatty acid content.
Introduction
Seed size is one of the most important agronomic traits in crop domestication [1] . Plant seeds are formed by the coordinated growth of maternal integument and zygotic tissues developed from double fertilization and seed size is influenced by a number of factors. Parent-of-origin effectors were reported to influence seed size by the ratio of paternal genome [2] . SHORT HYPOCOTYL UNDER BLUE1 (SHB1), HAIKU2 (IKU2) and MINISEED3 (MINI3) have been identified as zygotically acting factors [3, 4] . In addition, WRKY transcription factor TRANSPARENT TESTA GLABRA2 (TTG2), APETALA2 (AP2), AUXIN RESPONSE FACTOR2 (ARF2) and the ubiquitin interaction motif containing DA1 protein have been demonstrated to act maternally to regulate seed size [5, 6, 7, 8, 9] .
Recently, CYP78A5, a cytochrome P450 gene belongs to CYP78A subfamily from Arabidopsis, was reported to have a function in seed and fruit size control [10, 11] . CYP78A5 was first isolated from a screening for genes differentially expressed in early flower development between Arabidopsis and cauliflower [12] . CYP78A5 was found to express in the inner integument of developing ovules and act maternally to stimulate cell proliferation in Arabidopsis, thus determining the growth potential of the seed coat and seed [11] . INNER NO OUTER promoter (pINO) drove specific overexpression of CYP78A5 in outer integuments could increase seed size in Arabidopsis [11] . In addition to the enlarged seed size, over-expression of CYP78A5 led to higher relative oil content [11] . More recently, it was reported that SOD7/NGAL2 and DPA4/NGAL3 act redundantly to regulate seed size by directly repressing CYP78A5 expression in Arabidopsis, indicating the important role of CYP78A5 in seed size regulation [13] . In addition, CYP78A5 could also regulate vegetative organ size and development [14] . In situ hybridization showed that CYP78A5 was strongly expressed in the peripheral region of the vegetative shoot apical meristems, defining a boundary between the central meristematic zone and the developing organ primordia [12] . The knock-out line of CYP78A5 showed a higher rate of leaf initiation but smaller size of leaves, sepals, and petals [15] . In contrast, over-expression of CYP78A5 could increase organ size [16] . The size changes in seeds and vegetative organs were due to the number of cells but not the cell size. CYP78A5 was proposed to regulate organ size through controlling the arrest of growth by proliferation [11, 16] . Expression of CYP78A5 is outside of the organ proliferation region, which suggests that CYP78A5 acts in a non-cell-autonomous way [12, 16] . CYP78A5 protein localized to the endoplasmic reticulum (ER) and did not appear to move to the regions of cell proliferation, therefore it was proposed that CYP78A5 protein could generate a mobile growth-promoting signal to regulate cell proliferation [16, 17] . However, the downstream mobile signal has not yet been identified.
Jatropha is a multi-purpose small tree or large shrub belongs to the Euphorbiaceae family and is found throughout the tropical and subtropical regions. Jatropha produces seeds with high oil content (40-60%) [18] and the seed oil can be easily converted into biodiesel, meeting US and European standards [19] . As a fast developing alternative eco-friendly fuel, biodiesel has gained more importance in many developed and developing countries of the world [20] . Besides its high seed oil content [21] , Jatropha was thought as one of the most promising biodiesel plant species also due to its drought tolerance [22] , rapid growth, easy propagation, and wide range of environmental adaptation.
Jatropha holds the potential to be a biodiesel producing plant, however, it should still be considered as a wild, undomesticated plant [23] . To explore the full potential of Jatropha and to reduce the risk of future unsustainable practices, breeding and domestication are primordial [23] . Seed size is one of the most important agronomic traits, but researches focusing on Jatropha seed development and seed size controlling are still quite rare. In this study, we reported the cloning and function characterization of CYP78A98 gene from Jatropha, a homologue of CYP78A5 in Arabidopsis. We found that the expression level of CYP78A98 showed significant difference in different tissues and development stages. Furthermore, pINO drove specific overexpression of CYP78A98 in transgenic tobacco resulted in increased seed size and weight. The transgenic seeds accumulated more protein and fatty acid.
Materials and methods

Plant materials
Jatropha roots, stems, leaves, flower buds, and developing fruits were collected from Xichang, Sichuan Province, China. All samples used for quantitative reverse transcriptase-polymerase chain reaction (qRT-PCR) were immediately frozen in liquid nitrogen (N2) and stored at -80°C until needed.
Nicotiana benthamiana (N. benthamiana) seeds were surface-sterilized with 25% bleach and planted on Murashige-Skoog (MS) medium for germination, then transplanted into soil and maintained at 25°C with a 16 h light/8 h dark cycle.
RNA isolation and cDNA synthesis
Total RNA was isolated using RNAprep pure Plant Kit (Tiangen, China). The quality and quantity of RNA were checked by 1.0% agarose gel electrophoresis and spectrophotometry (NanoVue ND-1000, China) respectively. First strand cDNA was synthesized using the Primescript™ RT reagent Kit (Takara, Dalian, China), according to the manufacturer's instructions.
Cloning and sequence analysis of full-length coding sequence
In order to identify the homologue gene of CYP78A5 in Jatropha, we used the CYP78A5 gene from Arabidopsis as a query sequence to BLAST against the Jatropha nucleotide database (http://www.ncbi.nlm.nih. gov/). According to the sequence we got, gene-specific primers Jc-cyp-F and Jc-cyp-R (Table 1) were designed and used to amplify the full-length coding sequence. PCR was performed according to the following procedures: 94°C for 5 min, followed by 35 cycles of 98°C for 10 s, 55°C for 10 s, 72°C for 20 s, and a final extension at 72°C for 5 min. The products were sub-cloned into pMD19-T vectors (Takara, Dalian, China) and sequenced.
The properties of deduced amino acid sequence were estimated using ProtParam (http://www.expasy.ch/tools/protparam.html) [24] . Subcellular localization was predicted by Cell-PLoc2.0 (http://www. csbio.sjtu.edu.cn/bioinf/Cell-PLoc-2/). The deduced protein and other related proteins from different plants were aligned using the DNAman Software package (Version 5.2.9, Canada). Phylogenetic tree was constructed using the neighbor-joining method with MEGA 5.0 program [25] . Putative cis-acting elements in the 5′-flanking region of initiation code ATG were analyzed using PlantCARE (http://bioinformatics.psb.ugent.be/webtools/plantcare/html) and PLACE (http://www.dna.affrc.go.jp/PLACE/signalscan.html) databases.
Subcellular localization of CYP78A98 protein
The complete ORF or 5′ mutant sequence of CYP78A98 without the stop codon was amplified by L-cyp-F and L-cyp-R or L-mcyp-F and L-cyp-R, respectively ( Table 1 ). The amplified product was double digested with BamH I and Sal I enzymes and ligated into PBI221-GFP vector digested with the same two restriction enzymes. The reconstructed vectors were used for subcellular localization. The isolation and transfection of Arabidopsis leaf mesophyll protoplasts were conducted as described by Yoo et al. [26] . The GFP fluorescence was examined and photographed using a Leica SP5 confocal microscope (Leica, Germany).
qPCR
RNA extraction and first-strand cDNA synthesis were performed using the methods described above. qRT-PCR was carried out using primers Jc-qcyp-F and Jc-qcyp-R (Table 1) , and Jatropha ACTIN gene or tobacco ACTIN gene was used as internal control. The primers were tested for linearity by constructing standard curves on five serial 10-fold dilutions in order to ensure maximum specificity and efficiency during qRT-PCR. qRT-PCR was performed using a Bio-Rad iCycler MyiQ Real-Time PCR System in a 10 μL reaction volume containing 1 μL appropriate diluted cDNA from each sample, 5 μL iTaq ™ Universal SYBR™ Green Supermix (Bio-Rad, USA), 0.5 μL forward primer, 0.5 μL reverse primer and 3 μL ddH 2 O. PCR conditions were: 95°C for 30 s, 40 cycles of 95°C for 5 s, 55°C for 10 s and 72°C for 20 s, followed by a final melt curve profile (65-95°C). qRT-PCR analysis was performed in triplicates and the mean value was used for qRT-PCR analysis. The relative expression of CYP78A98 was calculated according to the method of 2 -ΔΔCt . The Ct values for both the target and the integral control gene were the means of triplicate independent PCRs.
Construction of plant expression vectors and development of transgenic tobacco lines
To generate a seed-specific over-expression construct, the full-length coding sequence of CYP78A98 and Arabidopsis pINO was cloned into Table 1 Primers for PCR used in this paper.
Primers
Sequences (5′-3′)
a Emphatic sequence of AAGCTT, TCTAGA, GGATCC and GAGCTC represented the restriction enzyme sites of Hind III, Xba I, BamH I and Sac I, respectively.
pMD19-T vectors (Takara, Dalian, China) using primers Jc-cyp-F, Jc-cyp-R and proINO-F, proINO-R (Table 1) , respectively. The cloned CYP78A98 and pINO was then successively sub-cloned into the pBI121 vector between the BamH I and Sac I restriction sites and between the Hind III and Xba I restriction sites, respectively. The reconstructed vectors were named as pBI121-INO:CYP and transferred to Agrobacterium tumefaciens (GV3101) competent cells using the freezethaw method. Finally, the A. tumefaciens strain harboring reconstructed vector was used to generate transgenic tobacco via the leaf-disc method as described by Horsch et al. [27] . The transformants were selected using 50 mg L -1 kanamycin. Leaves were collected for RNA extraction and RT-PCR to confirm the transformation when the kanamycin-resistant transgenic plantlets growth to a length of about 5 cm. T-cypA-F and T-cypA-R (Table 1) primers were used for RT-PCR. The PCR-positive plantlets were transplanted into soil for growing in the greenhouse. Seeds were harvested from inbred lines, and transgenic T2 lines were used in subsequent experiments.
Protein and fatty acid analysis
Total protein was extracted as described previously with little modification [28] . Briefly, 20 seeds from wild-type or transgenic lines were homogenized with a pellet pestle motor in 100 μL extraction buffer. The extraction buffer contains 63 mM Tris-buffer (PH 7.8), 0.5 M NaCl and 0.07% mercaptoethanol (v/v). Homogenates were centrifuged for 2 min at 15,600 × g. The supernatant was used for protein content detection. Protein content was determined using the Pierce™ BCA Protein Assay Kit (Thermo scientific, America) according to the manufacturer instructions.
Total fatty acids were extracted and analyzed as described previously [29] . Total fatty acids of 20 seeds from wild-type or transgenic lines were extracted using 1 mL of 5% (v/v) concentrated sulfuric acid in MeOH, 25 μL of BHT solution (0.2% butylated hydroxyl toluene in MeOH), and 300 μL of toluene. 10-100 μg of triheptadecanoin was added as a triacylglycerol internal standard. The mixture was vortexed for 30 s then heated at 90-95°C for 1.5 h. After cooling to room temperature, 1.5 mL of 0.9% NaCl was added and FAMEs were extracted with 2 mL hexane. The FAME extracts were analyzed by GC-MS 2010 with a flame ionization detector (FID) on a HP-88 column. The GC conditions were: injector and flame ionization detector temperature, 260°C; oven temperature program 120°C for 2 min, then increasing at 8°C per min to 180°C and holding this temperature for 2 min, finally increasing at 12°C per min to 235°C and holding this temperature for 8 min. Total fatty acid content was estimated by comparing the total fatty acid methyl ester peak area to that of the C17:0 internal standard.
Statistical analysis
Experiments were arranged using a completely randomized design. Data were analyzed by analysis of variance (ANOVA) using SPSS version 17.0.
Results
Gene isolation and sequence analysis
Using the CYP78A5 gene from Arabidopsis as a query sequence, we got a homology sequence from Jatropha nucleotide database (http://www.ncbi.nlm.nih.gov/) through BLAST program. The mRNA sequence (XM_012225018) belongs to the CYP78A subfamily and contains a complete coding sequence (CDS) of 1596 bp. The CDS encodes a putative polypeptide of 531 amino acids, which has the pI and mass values of 6.69 and 60.2 kDa, respectively. This putative CYP78A gene was designated as CYP78A98 [30] , according to the cytochrome nomenclature [31] .
Alignment analysis of CYP78A98 protein sequence with related sequences revealed that CYP78A98 and related proteins all had a hydrophobic domain near the N-terminus, which is believed to be necessary for membrane association (Fig. 1) , and this feature conformed to the predicted location of CYP78A98 protein. The heme binding site, common to all members of the cytochrome P450 superfamily, was identified at the C-terminus and this domain was largely conserved within the other members of the CYP78A subfamily. Furthermore, an oxygen binding domain was predicted (Fig. 1) .
A phylogenetic tree was also constructed to determine the evolutionary relationship between CYP78A98 and the other related homology proteins (Fig. 2) . Proteins from monocots and dicots were clustered into different groups and CYP78A98 protein was most closely related to protein from Ricinus communis. This result was consisted with the evolution process of these species.
CYP78A98 protein localizes to the ER
CYP78A98 was a membrane protein located on the ER, according to the prediction of Cell-PLoc2.0 (http://www.csbio.sjtu.edu.cn/bioinf/ Cell-PLoc-2/). To confirm the CYP78A98 protein location, we expressed a CYP78A98-GFP fusion protein under the control of the 35S promoter in Arabidopsis protoplast. Intracellularly, GFP fluorescence was detected in a mesh-like pattern in the cytoplasm (Fig. 3c) , which is typical for ER-associated proteins [32] . The hydrophobic domain near the N-terminus was conserved across different plants and was believed responsible for the correct protein location. In order to confirm the function of the hydrophobic domain, we fused the hydrophobic domain mutant protein (73 amino acids at N-terminus were deleted) with GFP. The mutant protein adopted localization and formed a small spherical body (Fig. 3m) , which indicated that the hydrophobic domain near the N-terminus was essential for the correct protein location.
Expression patterns of CYP78A98
qRT-PCR was performed to analyze the expression patterns of CYP78A98. Jatropha is a monoecious plant and CYP78A98 was most highly expressed in male flowers. Relatively higher levels of transcripts were detected in leaves, stem apexes, female flowers and developing seeds, however, CYP78A98 transcripts were hardly detected in stem and root (Fig. 4a ).
Given the high expression level of CYP78A98 in male and female flowers, CYP78A98 must have an essential role in flower development. To get a further insight into the function CYP78A98 may have during the flower development, the development process of male flowers before pollen dispersal and that of female flowers before pollination were both divided into 3 stages. We examined the expression level of CYP78A98 gene at different female and male flower developmental stages (Fig. 4b) . Compared with female flower, male flower had a relatively higher level of expression at all stages examined. The amounts of CYP78A98 transcripts kept increasing during the male flower development and remained at a high level before pollen dispersal. However, expression of CYP78A98 in female flower had an opposite tendency (Fig. 4b) .
Considering the function of CYP78A subfamily in seed size control, we further analyzed the transcription pattern of CYP78A98 during Jatropha seed development. The process of Jatropha seed development was divided into 6 stages according to the days of after pollination (DAP). Seed size increased rapidly during the first 3 stages, and marginal increase in seed size was observed during 30 DAP to seed maturation. CYP78A98 was highly expressed when seed size was rapidly increasing at the early development stages. The expression level decreased sharply at 30 DAP, at which stage seed had reached its final size (Fig. 4c) .
Analysis of putative cis-acting elements in the CYP78A98 5′-flanking region
To elucidate the mechanism underlying the expression patterns of CYP78A98, a 1500 bp sequence of 5′-flanking region of CYP78A98 was obtained from Jatropha genome database (http://www.kazusa.or.jp/ jatropha/). The Plant CARE and PLACE databases were used to analyze the putative cis-acting elements of this region. Identified cis-elements are shown in (Table 2) . Several putative cis-acting elements may be involved in plant hormone mediated development regulation, including TATC-box and CARE-motif involved in the gibberellins responsiveness, ARFAT-element involved in auxin responsiveness, and CPBCSPOR-element is a cytokinin-dependent protein binding site. GT1-motif, ACE-element and AT1-motif were identified as light responsive element. In addition, leaf development related elements and pollen-specific expression elements were also identified, such as the POLLEN1LELAT52 element which involved in pollen specific activation, HD-zip 2 mediated leaf morphology development and so on. These data suggested that CYP78A98 may play an important role in plant hormone mediated leaf and pollen development control. Fig. 2 . Phylogenetic analysis of CYP78A98. The phylogenetic tree was constructed using the software MEGA 5.1. Neighbor joining method was used and bootstrap analysis was performed with 1000 replications. Bootstrap values above 70 were indicated at branch points.
Identification of transgenic plants
To further illuminate the function of CYP78A98 in seed size control, we constructed the pBI121-INO:CYP vector (Fig. 5a ) and transgenic tobacco plants over-expressing CYP78A98 under the control of pINO were obtained by kanamycin selection and confirmed by RT-PCR. Seeds were harvested from inbred lines. Transcript abundance of transgenic T2 lines were analyzed by qRT-PCR and three of the transgenic lines (OE-2, OE-5 and OE-6) with high CYP78A98 expression level were selected and used for subsequent experiments (Fig. 5b) . The transgenic lines had no observed phenotype.
Over-expression of CYP78A98 increases seed size and weight
To further investigate the function of CYP78A98 in seed size control, we examined the seed size of the transgenic lines and wild type plants. Compared with wild type plants, seeds from all transgenic lines show larger size. We further determined the average seed mass of transgenic plants. Transgenic tobacco had larger seeds (Fig. 6a ) and transgenic seeds were 1.4-to 1.6-fold heavier than the wild type (Fig. 6b) . By contrast, the number of seeds per fruit was not changed for wild type plants and transgenic lines (Fig. 6c). 3.7. Over-expression of CYP78A98 produces seeds with more protein and fatty acid Protein and seed oil are main seed reserves, seed mass increase in transgenic tobacco may be due in part to an increase in seed reserves. We extracted seed protein from 20 seeds each of wild type plants or transgenic plants and examined the protein content. Seeds from transgenic plants accumulated more protein than those from wild type, when expressed as μg/seed (Fig. 6d) . Nonetheless, no difference in protein content was observed when expressed on the basis of seed weight, and the increase in protein content is obviously due to the increase of seed mass.
We next measured the content and composition of total fatty acid methyl-ester of Ws wild type and transgenic tobacco seeds. Tobacco seed fatty acids are mainly composed of palmitic (C16:0), stearic (C18:0), oleic (C18:1), linoleic (C18:2), and linolenic (C18:3) [33] . As shown in (Fig. 5e) , transgenic seeds accumulated more total fatty acids per seed than wild type plant seeds. By contrast, the fatty acid composition, including palmitic (C16:0), stearic (C18:0), oleic (C18:1), linoleic (C18:2), and linolenic (C18:3), was not significantly altered between wild type and transgenic plants (Table 3 ).
Discussion
Plant seed is the main food source for mankind and livestock, as well as a renewable source of energy [1] . Crop plants have undergone a long selection for larger seed size, since the beginning of agriculture [34] . Understanding how seed size is regulated at the genetic level is a key goal for plant scientists, as seed size is an important component of overall seed yield. In this study, CYP78A98, a CYP78A subfamily member from Jatropha was identified and characterized. This could help us to get an insight into the genetic regulation of seed size in Jatropha, which may accelerate the breeding progress of this promising biodiesel plant.
Cytochrome P450s are hemethiolate enzymes involved in numerous biosynthetic and xenobiotic pathways found in all organisms from bacteria to humans [30] . All plant P450s described so far are bound to membrane, usually anchored on the cytoplasmic surface of the ER through a short hydrophobic domain of their N-terminus [35] . We identified a transmembrane domain at the N-terminus of CYP78A98 protein and CYP78A98 protein was predicted to localize on the ER. Furthermore, transient expression of CYP78A98-GFP fused protein in Arabidopsis protoplast confirmed CYP78A98 protein location and the function of hydrophobic domain at the N-terminus (Fig. 3) . There results suggested that CYP78A98 may function in the same way as other P450 proteins. Threonine containing oxygen binding pocket (A/G)Gx(D/E)T(T/S) is usually, but not always, conserved in eukaryotic cytochrome P450s [36] . The first and last residues of this domain are not conserved in the CYP78A98 protein and other related proteins, indicating that these enzymes may not use molecular oxygen in catalysis.
The expression pattern of CYP78A98 in vegetative organ was similar to that of CYP78A5 in Arabidopsis [12] . CYP78A98 was highly expressed in stem apex and leaf, and this pattern was consistent with the function of CYP78A5 in leaf size and initiation control [16, 37] .
Expression of CYP78A5 has been detected in flower organs, including growing petal, gynoecium and the base of the flower [16] . The activity of CYP78A5 was demonstrated to coordinate flower growth within individual inflorescences [38] . We detected high expression level of CYP78A98 in both male and female flowers during their early development stages (Fig. 4b) , suggesting that CYP78A98 may have a similar role as CYP78A5 in Jatropha flower development. Furthermore, we found two cis-elements involved in pollen specific expression in the 5′-flanking region of CYP78A98 (Table 2) , and the exact expression pattern of CYP78A98 in different flower organs needs to be further examined.
In angiosperms, seed development begins with double fertilization, during which one of the two sperm cells fuses with the egg cell to form the diploid embryo and the other one fertilizes the diploid central cell to generate the triploid endosperm [39] . The maternal integuments surrounding the developing embryo and endosperm form the seed coat [40] . Seed development is influenced by the coordinated growth of the embryo, endosperm, and the integuments [1, 41] . Plant final seed size is mainly attained during the rapid proliferation of the endosperm and the seed coat cells [42] . Zygotic and maternal factors affecting seed size function during this process. Jatropha seed usually has a development duration of 60-65 d, but seed size increases immediately after pollination and reaches its final size at about 25-30 DAP. Expression pattern of CYP78A98 was in correspondence with the rapid increase of seed size (Fig. 4c) , indicating that CYP78A98 functions during the rapid increase of seed size.
The organ size regulation mechanism of CYP78A5 has been illuminated extensively; however, the genetic network of CYP78A5 is still elusive. In order to understand the genetic network of CYP78A98, we analyzed its 5′-flanking region (Table 2) . Several cis-acting elements predicted to be involved in plant hormone mediated development regulation were identified, which suggested that CYP78A98 may act downstream of plant hormone to control organ size. In addition, light responsive elements were also identified. The functions of these elements need to be studied in the future.
In addition to the important role of CYP78A5 in seed size control, other genes from CYP78A subfamily have also been reported to be involved in seed size and development control [43, 44, 45, 46, 47, 48, 49] . To investigate the effect of CYP78A98 in seed size control, pINO droved CYP78A98 overexpression tobaccos were generated. The transgenic plants showed larger seeds than that of wild type plants (Fig. 6a,b) , and the increase in seed size is due in part to the increased accumulation of protein and fatty acid (Fig. 6d,e) . Similar results were observed in Arabidopsis when CYP78A5 was over-expressed [11] , indicating that CYP78A subfamily genes have a conserved function in different plants during the process of evolution.
In conclusion, CYP78A98, a member of CYP78A subfamily gene from Jatropha, was isolated and characterized. CYP78A98 was found to be highly expressed in developing male and female flowers, implying that the CYP78A98 may function in the development of Jatropha flower. Furthermore, elements involved in plant hormone regulation were identified in the 5′-flanking region of CYP78A98, suggesting that CYP78A98 may act downstream of plant hormone pathway to regulate plant development. Over-expression of CYP78A98 in tobacco resulted larger seeds, indicating that CYP78A98 had a role in seed size control. In addition, the transgenic lines accumulated more protein and fatty acid. In the future, more efforts may be required to elucidate the mechanism of CYP78A98 in development control.
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